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Influence of Ball-Milled Low Purity Boron Powder
on the Superconductivity of MgB2
X. Xu, J. H. Kim, W. K. Yeoh, M. Rindfleisch, M. Tomsic, Dayse I. dos Santos, and S. X. Dou

Abstract—MgB2 samples were prepared using as-supplied
commercial 96% boron with strong crystalline phase and the same
96% boron (B) after ball milling. The effects of the properties of
the starting B powder on the superconductivity were evaluated.
We observed that samples using ball-milled 96% B, in comparison
with the one made from the as-supplied 96% B, were characterized by small grain size, broadened full width at half maximum
(FWHM), and enhanced magnetic critical current density ( ).
reached 2 103 Acm 2 at 5 K and 8 T. The improved pinning
of these samples seems to be caused by enhanced grain boundary
pinning at high field.
Index Terms—Ball milling, crystallinity, magnetic critical current density, MgB2 .

I. INTRODUCTION

T

HE discovery of the superconductivity of
with a
critical temperature
of 39 K has offered the promise
of important large-scale and electronic device applications at
around 20 K [1]. A significant enhancement in the critical curof
has been achieved through chemical
rent density
doping with carbon (C) containing compounds, such as SiC,
, and carbon nanotubes (CNT). Chemical doping is a
C,
simple and readily scalable technique. However, doping effects
have been limited by the agglomeration of nanosized dopants
and poor reactivity between boron (B) and C [2]–[7]. In order
to overcome these problems, one of the co-authors proposed the
carbohydrate through solution route [8].
To further improve the superconductivity, the properties of
the starting B powders, such as purity, size distribution, particle size, etc., need to be considered as they may also play
an important role in determining the fundamental properties of
. It is further necessary to study sample preparation processing to achieve optimum conditions of the starting materials
for applications. Recently, various methods for this have been
reported, for example, a ball-milling method, a thermo-mechanpowder instead of
ical processing method, the use of
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Mg, and the use of an acid leaching process [9]–[13]. Among
them, the ball-milling method is particularly interesting, as size
control and homogeneity of the starting material may induce
more effective pinning without any dopants. Specifically, the
ball milling of B using toluene leads to small grain size, resulting
in enhanced under high field as previously reported. The esat 8 T and 5 K [14].
timated reached
In addition, using low purity starting materials can achieve
beneficial advantages. The cost of the materials must be considered for practical applications. High purity ( 99%) amorphous
B powder is about 10 times more expensive than low purity 96%
powders with crystalline phase. If the low purity B powders can
conductors, the material cost could
be used to produce
be significantly decreased.
In this work, therefore, we evaluated the ball-milling effects
. We used the low
on the superconducting properties of
purity 96% commercial B powder with crystalline phase as
a starting material. The lattice parameters, grain size, lattice
are presented in comparison with reference
strain, , and
made from the same commercial 96% B, but without
the ball milling.
II. EXPERIMENTAL DETAILS
pellets were prepared by an in-situ reaction process.
Only B powders (96%) were prepared by ball milling, using
toluene as a medium. The ball-milling process was carried
out for 4 hrs or 12 hrs with a rotation speed of 160 rpm
in air, and then the powders were dried in a vacuum oven
to reduce oxidation. Three kinds of B powders (commercial as-supplied 96% and the ball milled 96% with different
ball-milling times, 4 hrs and 12 hrs) were identified as B96,
BM4B96, and BM12B96, respectively. Then these powders
were mixed, ground, and pressed with Mg (99%) powder.
sample using B96 was sintered at 800
for
The
samples using BM4B96 and
30 min as a reference, and
and 900
for
BM12B96 were sintered at 650 , 800
30 min under high purity argon gas. These
samples
are identified as B96S800, BM4B96S650, BM12B96S650,
BM12B96S800, and BM12B96S900, respectively. The heating
.
rate was 5
All samples were characterized by X-ray diffraction (XRD),
, , and scanning electron microscopy (SEM). The crystal
structure was refined with the aid of the program Jade (ver. 5).
was defined as the onset temperature at which diamagnetic
properties were observed. The magnetization was measured at
5 and 20 K using a Physical Properties Measurement System
(PPMS, Quantum Design) in a time-varying magnetic field with
sweep rate 50 Oe/s and amplitude 8.5 T. All the samples for
measurement were made to the same size
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Fig. 1. X-ray diffraction patterns for the different B powders.

for comparison. The magnetic
was derived from the width
versus
of the magnetization loop using Bean’s model [15].
magnetic field was measured up to 8.5 T.
III. RESULTS AND DISCUSSION
Fig. 1 shows the XRD patterns of the starting B powder for
the B96, BM4B96, and BM12B96 powders. We observed that
peaks (
and 27.8 ) in all the powthere were
ders. Even when we carried out the ball-milling process for
still remained in the B powder. It was noted
12 hr, the
became stronger when
that the relative peak intensity of
the ball-milling time was increased. Jiang et al. have reported
may wet the
grain boundaries and react with
that
Mg to form MgO, resulting in depression of the [16]. There
was a particularly strong crystalline response in the B96. This
phase is believed to require high temperature for a full reaction
between Mg and B, and this is why we selected the B96S800 as
the best reference for comparison.
Fig. 2 shows SEM images for (a) B96, (b) BM4B96, and
(c) BM12B96. It was observed that the particle size of the ref. The BM12B96 powders
erence B96 was approximately 1
show better homogeneity than the original B96, and the average
particle size was slightly decreased. A narrow size distribution
and small-sized particles can be particularly effective for enhancing the reaction between Mg and B. The characteristics of
the BM4B96 powder were between those of the original B96
and those of the BM12B96 powder.
after sintering. The
Fig. 3 shows XRD patterns of the
pelXRD measurements were performed on the ground
phase
lets. All samples seemed to have well-developed
with the major impurity MgO phase. Specifically, the relative
MgO intensity increased after the ball-milling of the B. There
is one possible reason: even though we used toluene without
oxygen as the medium, the B can react with O to form
during ball milling. Formed
can react with Mg to form
MgO at around 450 . From the XRD data, however, it is very
.
difficult to calculate the exact quantity of

Fig. 2. SEM images of the different B powders.

Fig. 3. X-ray diffraction patterns for MgB samples made from the different
B powders.

It is well understand that there are two types of strains in samples, micro- and macro-strains. For example, the micro- strains
vary from one grain to another on the microscopic scale, resulting in non-uniform peak broadening. On the other hand,
macro-strain is uniform, which can produce peak shifting. The
former is due to the contribution of defects inside the grain and
the latter one is due to the substitution of an element, such as

2784

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 17, NO. 2, JUNE 2007

TABLE I
THE LATTICE CONSTANTS, AND STRUCTURAL FEATURES FOR THE Mgb SAMPLES MADE WITH THE
DIFFERENT B POWDERS, GRAIN SIZE 3 INDICATES VALUES CALCULATED USING JADE SOFTWARE

Fig. 4. The magnetic critical current density J for the MgB samples as a
function of external magnetic field.

F
Fig. 5. Normalized volume pinning force (F =F
ples as a function of external magnetic field at 20 K.

C, into B sites. In our samples, most defects could have been
introduced by micro-strain within grains.
From the XRD results, FWHM of the (100), (101), (002),
samples showed peak broad(110), and (102) peaks for
ening, which can be caused by both grain size and lattice strain.
The analysis of FWHM can provide considerable information
on the crystallite size and micro-strain that is present in the specimen [17].
According to Serquis et al., there are two possible reasons for
the peak broadening: one is the MgO inside the
grains
and the other lattice defects based on Mg vacancies [18]. So,
we estimated the MgO and Mg fractions in the samples from the
peak area ratio. At the lowest sintering temperature, i.e., 650 ,
several peaks representing un-reacted Mg are found in the ball
milled B samples. The remaining Mg is related to the amount of
crystalline phase B, since sufficient time is needed for the full reaction. For the BM12B96 samples, as the sintering temperature
increases, the MgO content becomes higher. The fitting process
demands that the Residual Error of Fit parameter is near 5–7%,
so that we can obtain a comparable crystallinity value.
values for all
We also calculated the lattice constants and
the samples, as can be seen in Table I. It is to be noted that the
ratio and lattice constants for all samples did
value of the
not change within the range of calculation error. Even though

the medium contained C, there were no apparent C substitution
effects. At least, the doping level of C is almost the same for
these samples, so the possibility may be generally neglected.
However, the -axis lattice parameter for the BM12B96S900
sample is shorter than that of the other ball-milled samples. This
is probably because a sample sintered at high temperature finds
it much easier to react with some C source coming from the
medium.
value of the samples using ball-milled 96% B was
The
estimated to be 36.4 K to 37 K, while the value for the reference sample was slightly higher than for the comparable ballmilled samples. Increased is related to the better crystallinity
and small fraction of MgO. On the other hand, depressed
for the samples using ball-milled 96% B is considered to arise
from a poor connection between grains due to the large amount
of MgO impurity phase at the grain boundaries. In particular
among the ballthe BM12B96S900 sample had the highest
milled samples because of the better crystallinity due to high
temperature sintering, but it still had the largest amount of MgO
to counteract any increase in .
The magnetic field dependence of for all samples is shown
in Fig. 4. As can be seen in the figure, the BM12B96S800
sample made using ball-milled 96% B had a significantly
higher than the B96S800 sample using commercial as-supplied

) for the MgB sam-
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B96. reached
at 5 K and 8 T. This indicates
can be improved by small grain size due to ball-mill
that
processing. We also plot the field dependence curves of the
at 20 K for
normalized volume pinning force
of
different samples in Fig. 5. It was observed that
all the ball-milled samples is larger than that of the reference
of the
sample. This result indicates that the
samples were also improved by the ball milling. The improved
pinning at higher field seems to be caused by enhanced grain
boundary pinning provided by the large number of grain
boundaries. These observations can be further supported by
peak broadening and grain size as mentioned above. It is to be
of the BM12B96S900 sample was slightly
noted that
lower than that of BM12B96S650. This is related to the growth
in grain size due to the high sintering temperature, resulting in
under high field.
depression of
IV. CONCLUSION
In summary, we have shown that the particle size of the
starting B powders is important in determining the
performance of
samples. B96 can be improved by ball
milling in a toluene medium, leading to enhanced magnetic
, higher than that of the original
critical current densities
B96. It was considered that ball-milled B powder using toluene
grains and better homogeneity, resulting
leads to smaller
. Further study of the ball-milling process
in enhanced
promises to allow adjustment of the desired phase form, for ex, at the same time
ample, while reducing the grain size of
removing MgO phase to release the lattice strain or reducing
the MgO particle size to provide pinning centres to improve .
made with low purity B powder via solid state reaction
could be particularly useful for industrial applications because
of the reduced material cost.
ACKNOWLEDGMENT
The authors would like to thank Dr. T. Silver for her helpful
discussions, and Dr. J. Horvat and Dr. K. Konstantinov for their
help with measurements at the Institute for Superconducting
and Electronic Materials, University of Wollongong. D. I. dos
Santos thanks CNPq -Brazil for her fellowship.

2785

REFERENCES
[1] J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu, “Superconductivity at 39 K in magnesium diboride,” Nature, vol.
410, pp. 63–64, Mar. 2001.
[2] S. X. Dou et al., “Enhancement of the critical current density and flux
pinning of MgB superconductor by nanoparticle SiC doping,” Appl.
Phys. Lett., vol. 81, pp. 3419–3421, Oct. 2002.
[3] J. H. Kim, W. K. Yeoh, M. J. Qin, X. Xu, and S. X. Dou, “Enhancement
of in-field J in MgB =Fe wire using single- and multi-walled carbon
nanotubes,” Appl. Phys. Lett., vol. 89, pp. 122510-1–122510-3, Oct.
2002.
[4] W. K. Yeoh et al., “Control of nano carbon substitution for enhancing
the critical current density in MgB ,” Supercond. Sci. Technol., vol.
19, pp. 596–599, Jun. 2006.
[5] A. Ribeiro, S. L. Bud’ko, C. Petrovic, and P. C. Canfield, “Carbon
doping of superconducting magnesium diboride,” Physica C, vol. 384,
pp. 227–236, Feb. 2003.
[6] W. Mickelson, J. Cummings, W. Q. Han, and A. Zettl, “Effects of
carbon doping on superconductivity in magnesium diboride,” Phys.
Rev. B, vol. 65, pp. 052505-1–052505-3, Feb. 2002.
[7] A. Yamamoto et al., “Effects of B C doping on critical current properties of MgB ,” Supercond. Sci. Technol., vol. 18, pp. 1323–1328, Oct.
2005.
[8] J. H. Kim, S. Zhou, M. S. A. Hossain, A. V. Pan, and S. X. Dou, “Carbohydrate doping to enhance electromagnetic properties of MgB superconductors,” Appl. Phys. Lett., vol. 89, pp. 142505-1–1142505-3,
Oct. 2006.
[9] H. Fang, S. Padmanabhan, Y. X. Zhou, and K. Salama, “High critical
current density in iron-clad MgB tapes,” Appl. Phys. Lett., vol. 82,
pp. 4113–4115, Jun. 2003.
[10] T. Kondo et al., “ MgB =Fe superconducting tapes made using mechanically milled powders in Ar and H atmospheres,” Physica C, vol.
426–431, pp. 1231–1237, Oct. 2005.
[11] C. Fischer et al., “Preparation of MgB tapes using a nanocrystalline
partially reacted precursor,” Appl. Phys. Lett., vol. 83, pp. 1803–1805,
Sep. 2003.
[12] H. Fujii, K. Togano, and H. Kumakura, “Enhancement of critical
current densities of powder-in-tube processed MgB tapes by using
MgH as a precursor powder,” Supercond. Sci. Technol., vol. 15, pp.
1571–1576, Oct. 2002.
[13] X. Xu et al., “Effect of boron powder purity on superconducting properties of MgB ,” Supercond. Sci. Technol., vol. 19, pp. 466–469, Jun.
2006.
[14] X. Xu, J. H. Kim, W. K. Yeoh, Y. Zhang, and S. X. Dou, “Improved
J of MgB superconductor by ball milling using different media,”
Supercond. Sci. Technol., vol. 19, pp. L47–L50, Sep. 2006.
[15] C. P. Bean, “Magnetization of high-field superconductors,” Rev. Mod.
Phys., vol. 36, pp. 31–39, Jan. 1964.
[16] J. Jiang, B. J. Senkowicz, D. C. Larbalestier, and E. E. Hellstrom,
“Influence of boron powder purification on the connectivity of bulk
MgB ,” Supercond. Sci. Technol., vol. 19, pp. L33–L36, Aug. 2006.
[17] G. K. Williamson and W. H. Hall, “X-ray line broadening from filed
aluminum and wolfram,” Acta Metall., vol. 1, pp. 22–31, Jan. 1953.
[18] A. Serquis, Y. T. Zhu, E. J. Peterson, J. Y. Coulter, D. E. Peterson, and
F. M. Mueller, “Effect of lattice strain and defects on the superconductivity of MgB ,” Appl. Phys. Lett., vol. 79, pp. 4399–4401, Oct. 2001.

